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Introduction
Liposome-mediated cellular transfer of plasmid DNA is a promising approach for gene therapy. However, despite the significant amount of lipid/DNA complexes internalized by the target cells, transgene expression remains undesirably low. 1 Obstacles to nuclear accumulation of plasmid DNA include: the slow internalization process of the lipid/DNA complex in certain cells; 2 the entrapment of DNA in the endolysosomal compartment; 1, 3, 4 and the diffusional barrier of the nuclear envelope. 5 The underlying mechanism of escape of internalized plasmid DNA from the endo-lysosomes is not fully understood. This process involves the destabilization of the limiting membrane of the endolysosomal compartment, the dissociation of the lipid/DNA complex and the release of plasmid DNA into the cytosol. [6] [7] [8] Penetration of naked plasmid DNA into the cytosol was verified by using the T7 polymerase transfection system, which allowed cytosolic transcription of reporter genes controlled by the T7 promoter. 9, 10 Following the release of DNA into the cytosol, plasmid DNA appears to cross nuclear envelope via the nuclear pore complex (NPC), a notion which is supported by the enhanced transfectability of mitotic cells displaying a disassembled nuclear envelope. 1, 5, [11] [12] [13] Consistent with the NPC theory of DNA transport, oligopeptides, containing nuclear localization sequence (NLS) were able to facilitate the nuclear uptake of nucleic acid fragments. 14 These observations, collectively, define the intracellular itinerary of plasmid DNA from the endosomal compartment via the cytosol and the NPC into the nucleus. The invariable exposure of plasmid DNA to the cytoplasm raised the possibility that the cytosol may impose a presently unknown impediment on the nuclear targeting of DNA.
Considering that the metabolic fate of plasmid DNA in the cytoplasm has not been determined yet, our goal was to measure the stability of plasmid DNA in the cytosol. In order to bypass the plasma membrane and the endocytic compartments, plasmid DNA was delivered by microinjection into the cytosol. Subcellular distribution, turnover and nuclear uptake of DNA were followed by FISH in conjunction with quantitative fluorescence video-image analysis at the single-cell level. Our results suggest, for the first time, that naked but not encapsulated plasmid DNA has a rapid turnover in the cytoplasm of both COS and HeLa cells. In vitro studies, using isolated cytosol and intact or radioactively labeled plasmid DNA, confirmed our hypothesis that plasmid DNA is susceptible to degradation by cytosolic nuclease(s). We propose that this mechanism may represent a previously unrecognized metabolic barrier to DNA delivery into the nucleus and may serve to protect the genetic material of the cell.
Results
Turnover rate of the plasmid DNA in the cytosol To monitor the intracellular fate of supercoiled, doublestranded pGL2, 1-2 × 10 3 copies of plasmid DNA were co-injected with tetramethylrhodamine-dextran (TRITCdextran) into the cytosol of adherent HeLa cells and visualized by FISH and fluorescence microscopy. When the cells were fixed after microinjection, plasmid DNA remained concentrated around the injection site, in contrast to the TRITC-dextran, which spread homogeneously throughout the cytosol, implying that the lateral diffusional mobility of pGL2 is slower than that of TRITCdextran ( Figure 1a , 0 h). Incubation of the cells at 37°C led to a progressive disappearance of the FISH signal ( Figure 1 ). Quantitative fluorescence video-image analysis of FISH signals derived from approximately 2500 injected cells revealed that the DNA was disposed from the cytoplasm with a half-life (t 1/2 ) of approximately 90 min ( Figure 2a ). In contrast, the concentration of dextran remained at the initial level, implying that only a negligible amount of macromolecules was released from injected cells (Figure 1 and quantification on Figure 3b ).
The rapid disappearance of plasmid DNA from the cytoplasm is independent of the detection method, the cell line or the plasmid DNA used. Similar turnover rates were measured when the half-life of the biotinylated pGL2 (Figure 2c ) or fluorescein-labeled DNA (unpublished observation) was monitored, implying that the rapid decay of the FISH signal cannot be attributed to the inaccessibility of plasmid DNA by the probe. Furthermore, comparable turnover rate (t 1/2 = 80 min) was obtained in COS-1 cells, implying that the metabolic instability of plasmid DNA is not specific to HeLa cells (Figure 2b) . Finally, the apparent t 1/2 of the prokaryotic expression vector pUC 6-9 was similar to that of pGL2, precluding the possibility that the pGL2 probes were hybridized to pGL2 mRNA (Figure 2a) . Circular, singlestranded pGL2 displayed a somewhat shorter apparent t 1/2 (50 min) than its double-stranded counterpart (Figures 1b and 2a) , and the turnover of linearized pGL2 was indistinguishable from that of the circular form (data not shown). The disappearance rate of the pGL2 plasmid remained unaltered when cells were incubated in serumfree medium, showing that DNases present in serum cannot account for our observations (data not shown).
Multiple cellular mechanisms may be involved in the rapid elimination of DNA from the cytoplasm. Plasmids could be degraded by resident cytosolic nucleases or by organellar DNases after the sequestration of DNA. Alternatively, cytosolic DNA could be released by exocytosis and/or lost during cell division. The experiments described in the following sections were designed to examine each of these possibilities.
The cellular mechanism of the rapid turnover of cytosolic plasmid DNA Sequestration of plasmid DNA by autophagy or facilitated translocation would promote its degradation by lysosomal DNases, exhibiting an acidic pH optima. 5, [15] [16] [17] However, it is highly unlikely that lysosomal nucleases are responsible for the rapid turnover of plasmid DNA, since dissipation of the acidic pH of the endolysosomes with ammonium chloride or chloroquine 18, 19 did not delay the disappearance of injected DNA (Table 1) .
We speculated that disposal of plasmid DNA may proceed via exocytotic delivery of cytoplasmic vesicles that have accumulated DNA by a mechanism which is yet unknown. Since both homo and heterotypic membrane fusions require metabolic energy, the ATP-dependence was tested next. Depletion of the cellular ATP content by more than 95% had no significant effect on the turnover rate of plasmid DNA, indicating that the disposal of cytosolic DNA does not require vesicular transport (Table 1) . A similar extent of ATP-depletion completely inhibited glycoprotein processing along the biosynthetic pathway. 20 When the ambient temperature was reduced to 4°C, elimination of plasmid DNA was completely prevented ( Table 1 ), implying that the disposal of DNA is temperature-dependent and may be mediated by an enzymatic process. Interestingly, inhibition of protein synthesis by cycloheximide slowed down the disappearance rate of plasmid DNA by 50% (Table 1) , consistent with the notion that the disposal of cytosolic DNA may involve proteinaceous factor(s) with short biological half-life.
If a cytosolic nuclease is responsible for plasmid degradation, depletion of the soluble constituents of the cytoplasm would obliterate the disposal of DNA. To this end, depletion of the cytosol was achieved by selective permeabilization of the plasma membrane with digitonin, a well established technique to investigate vesicular transport and nuclear targeting of proteins and DNA in semiintact cells. 14, 16, 21, 22 The nearly complete loss of microinjected TRITC-dextran from permeabilized cells but not from intact ones demonstrates the efficiency of the procedure (Figure 3a and b) . In marked contrast to TRITCdextran, plasmid DNA was retained in the cytoplasm at the initial concentration, as measured by quantitative single-cell fluorescence video imaging (Figure 3b) , implying that the cytosol may contain either soluble nuclease(s) and/or cofactors that are indispensable for the hydrolysis of plasmid DNA. Meanwhile, permeabilization of the plasma membrane did not interfere with the light microscopic architecture of the ER, lysosomes or endosomes (data not shown).
If the degradation of DNA coincides with the accumulation of fragmented nucleic acids bearing free 3Ј-OH ends, these intermediates should be visualized by the terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay. HeLa cells were injected with the pGL2 plasmid cytosolically and processed for the TUNEL assay after 0-6 h of incubation at 37°C. While the fluorescence signal was initially negligible (Figure 4 , 0 h), it increased markedly after 1 h of incubation at 37°C (Figure 4, 1 h) . In contrast, the signal remained at the initial level if the cells were kept at 4°C (data not shown). Upon extending the incubation period the TUNEL signal gradually disappeared, indicating that the degradation intermediates of plasmid DNA were eliminated from the Encapsulation into lipid particles enhances the metabolic stability of plasmid DNA in the cytoplasm Complex formation between DNA and polycationic macromolecules (eg cationic lipids or poly-L-Lys) is capable of protecting nucleic acids from degradation by endo-and exo-nucleases in vitro. 23, 24 A similar phenomenon could be envisioned in vivo, following the entry of DNA/polycation complexes into the cytosol. However, the aggregation tendency of DNA/polycation complexes prevented reproducible microinjection. To overcome this difficulty, pGL2 DNA was encapsulated into stable plasmid-lipid particles (SPLP). 25 SPLP exhibits a uniform particle-size distribution of 60-90 nm and confers plasmid DNA resistance to cleavage by DNase I in vitro. 25 The subcellular distribution and disposal rate of microinjected SPLP incorporating pGL2 was determined by FISH and quantitative single-cell fluorescence video imaging ( Figure 5 ). Not more than 25% of the encapsulated plasmid was degraded after 4 h of incubation, in contrast to 75% of uncomplexed plasmid (Figures 3 and 5b) , indicat- ing that the degradation rate of encapsulated pGL2 is three-fold slower than that of the naked pGL2. This observation is fully consistent with the in vitro protective effect of SPLP against nucleolysis by DNase I. 26 The incomplete protection of plasmid DNA by SPLP is presumably due to degradation of its lipid components in the cytosol and/or fusion of SPLP to compartments enriched in nuclease (eg lysosome).
Microinjection does not induce apoptosis and interfere with the integrity of organelles In principle, nuclease activity associated with the cytosol can either be constitutively present or released from organelles, such as the nucleus, lysosomes, ER and the mitochondria upon microinjection. Several lines of evidence show that morphological and functional integrity of the intracellular organelles were preserved in microinjected cells. Firstly, injected TRITC-dextran (MW 70 kDa) was excluded from the nucleus (Figures 1 and 3a) . Secondly, the immunostaining patterns of the ER, lysosomes and endosomes, visualized by the anti-protein disulfide isomerase (PDI), the anti-lysosomal associated membrane protein-2 (LAMP-2) 27 antibodies and fluorescein-transferrin, respectively, were unperturbed in injected cells (Figure 6a ). Finally, the transient elevation of the cytosolic Ca 2+ concentration ([Ca 2+ ] cy ), evoked by the mechanical injury of the plasma membrane 28, 29 was completely normalized after 8-9 min of injection (Figure 6b ), indicat- 
/l) and incubated for 0-4 h at 37°C before FISH was performed (a, b). Since no significant difference could be observed in the turnover of pGL2 visualized by DIG-dUTP or bitin-dUTP labeled probe, the statistical analysis includes the results obtained with both probes. Circular ds pGL2 was covalently labeled with photoactivable biotin and detected with the same method as the biotinylated DNA probe in FISH (c). The FISH signals derived from single cells were quantified on images obtained by a cooled CCD camera using the Metafluor software and expressed as percentage of the initial fluorescence intensity of the cells observed immediately after injection (0 time-point). Individual time-points represent the means ± s.e. of at least three independent experiments, each comprising 150-200 injected cells.
ing that the Ca 2+ permeability and transport capacity of the plasma membrane, ER and mitochondria were rapidly restored. These morphological and functional data indicate that the integrity of organelles is preserved and the release of macromolecules such as nucleases, from organelles into the cytosol, is highly unlikely.
Multiple signal-transduction pathways can provoke apoptosis with concomitant activation of Ca 2+ -dependent or Ca
2+
-independent nucleases such as DNase I, DNase II and the caspase-3-activated deoxyribonuclease (CAD). [30] [31] [32] [33] [34] [35] [36] [37] Therefore, it was imperative to preclude the possibility that microinjection initiated the enzyme cascade associated with apoptosis which culminates in the in situ activation of CAD and/or the release of other DNases into the cytosol. 32 While we were unable to detect any evidence of chromosomal DNA fragmentation in injected cells by TUNEL (Figure 6c , lower panel), a strong signal was recorded from the nucleus of HeLa cells undergoing staurosporine-induced apoptosis (Figure 6c , insert). Furthermore, the instability of the plasmid was not affected when the [Ca 2+ ] cy transient was attenuated by performing the experiment in Ca 2+ -free medium ( Figure 6b and Table 1 ). Collectively, these data strongly support our hypothesis that plasmid DNA is degraded by nucleases constitutively present in the cytosol, rather than by nucleases either liberated from organelles or activated upon microinjection.
Characterization of the cytosolic DNase activity in vitro
In order to examine the enzymatic characteristics of the nuclease activity associated with the cytosol, DNA degradation was reconstituted in vitro. To obtain cytosol with minimal organellar contaminations, the plasma membrane of HeLa cells was selectively permeabilized with digitonin, and the extracellular medium, containing the soluble constituents of the cytoplasm, was collected. Contamination of the cytosolic extract with lysosomal enzymes was assessed by measuring the ␤-glucuronidase activity of the extract as well as the release of TRITCdextran (MW 70 000), a fluid-phase tracer of lysosomes, was determined. Both assays showed that no more than 3-4% of the luminal content of lysosomes was released into the extracellular medium. 21, 22, 38 To visualize the nuclease activity, circular doublestranded DNA was incubated with isolated cytosol and cleavage products were examined by Southern blottting. Generation of relaxed and linearized double-stranded plasmid DNA demonstrates the endonucleolytic activity of the cytosol (Figure 7a ). The endonuclease activity can be stimulated by divalent cations such as Mn 2+ , Ca 2+ and Mg 2+ and inhibited at 4°C or by heat treatment of the cytosol (Figure 7a and data not shown). Consistent with our in vivo studies, single-stranded circular and linearized double-stranded pGL2 were also degraded in vitro (data not shown). Besides the production of nicks and double-stranded breaks, smaller DNA fragments could be detected on the Southern blot (Figure 7a and b) . In order to address the question whether this cleavage pattern could be due to the exonucleolytic activity of the cytosol, 32 P release from 3Ј-or 5Ј-end-labeled, doublestranded plasmid DNA was measured with the TCA-precipitation method (Figure 7c-g ). Although the timedependent release of 32 P is consistent with exonuclease activity (Figure 7b and d) , it does not preclude the possibility that the assay reflects endonuclease activity of the cytosolic extract as well. The nuclease activity, measured by 32 P release, was also stimulated by Mn 2+ , Mg 2+ and Ca 2+ and completely circumvented at 4°C or after heat treatment of the cytosol (Figure 7c, d and data not shown). Aurintricarboxylic acid and Zn 2+ , non-specific inhibitors of DNases 32, 39, 40 obliterated the enzyme activity with a K i of 2.5 and 0.2 m, respectively, implying that the affinity of the cytosolic nuclease toward these inhibitors is 20-to 50-fold higher than that of pancreatic DNase I (Figure 7e and f) . Finally, the pH dependence of the cytosolic nuclease was determined. Maximum nuclease activity was attained between pH 7 and 8 (Figure 7g ), corroborating our previous conclusion that the cytosolic nuclease is distinct from DNase II, which displays an acidic pH optimum.
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Discussion
Introduction of foreign DNA into eukaryotic cells can be mediated by viral infection or by chemical vector. While viral DNA penetrates the cytosol either through the plasma membrane 41 or the endosomal membrane, 42 plasmid DNA complexed with its chemical vectors is invariantly internalized by endocytosis. 1, 4 The acidification of the luminal space of endosomes was proposed to play a critical role in the partial uncoating and penetration of viral particles. 43 While, the role of acidification in the dissociation of the cationic lipid/DNA complex is not fully understood, 7, 8 dissipation of the endosomal pH gradient does not seem to impair the transfection efficiency. 44 Nevertheless, the apparently inefficient liberation of plasmid DNA from the endolysosomal compartment implies that a significant fraction of internalized plasmid DNA remains entrapped and is degraded in lysosomes. 44 This degradation could be partially circumvented either by dissipating the acidic pH of the lysosomes with lysomotropic agents, by obliterating endolysosome fusions by the depolymerization of the microtubule network or by promoting endosomal escape using endosome-disruptive agents. 3, 18, 26, 45 These treatments were able to extend the cellular persistence of plasmid DNA and to augment the expression of heterologous plasmid DNA.
Morphological investigations at the light and electron microscopy levels and functional studies using nuclear transport inhibitors provided convincing evidence that both cytosolic plasmid and viral DNA are taken up by the nucleus via the NPC. 5, 16, 43 While the cytoplasmic movement of viral DNA towards the nucleus is facilitated by the microtubular network and viral proteins, such as polymerase or capsid proteins that remain associated with the nucleic acids, 46, 47 very little is known about the fate of plasmid DNA in the cytoplasm. Our study represents the first attempt to elucidate the metabolic stability of plasmid DNA in the cytoplasm using both morphological and functional approaches at the single cell level.
Comparison of the levels of luciferase expression upon nuclear and cytoplasmic injection of plasmid DNA allowed us to deduce that only approximately 0.1% of the cytosolic plasmid DNA enters the nucleus 48 (DL and GL, unpublished observation). Although these results are consistent with the earlier notion that the nuclear envelope constitutes a major impediment against DNA translocation, 5, 16, 18, 49 the following observations suggest that the cytosol may account, in part, for the low transfection efficiency. First, plasmid DNA injected into the cytosol was localized at the site of injection, in contrast to the homogeneously distributed high molecular weight dextran (Figure 1) . Presumably, both DNA-protein interactions and the limiting diffusional mobility of plasmid DNA (corresponding approximately in size to a 5 MDa protein) may account for this phenomenon, as observed for other macromolecules in the cytoplasm.
50-52 Second, we have obtained direct evidence for the fast turnover of injected cytosolic DNA, using three different detection methods: FISH, covalently tagged plasmid with biotin, as well as nick-labeled DNA with fluorescein-dUTP ( Figure  2 and unpublished observation). The similarly short halflives (t 1/2 1-2 h) of DNA, obtained with three different detection methods, demonstrate that naked plasmid DNA entering the cytoplasm is unstable. Considering that our detection techniques are unable to discriminate between the fluorescence signals derived from intact or fragmented plasmid DNA, the turnover data are likely to provide an overestimation of the half-life of intact plasmid DNA in the cytoplasm. Along these lines we can speculate that DNA-condensing agents, such as polylysine or polyethylenimine, are able to enhance the transfection efficiency by prolonging the half-life of plasmid DNA in the cytosol conferring them DNase resistance, similarly to that previously reported in vitro. 24, 53 On the other hand, the nuclease activity of the cytosol may provide an explanation for the inhibitory effect of cytoplasmic extract on DNA transport into the nucleus, observed in the permeabilized cell system. 16 A panel of pharmacological treatments in conjunction with the measurement of DNA turnover allowed us to infer that neither exocytosis nor organellar sequestration can account for the disposal of cytosolic DNA. The following evidence argues for the pivotal role of cytosolic nuclease in the rapid degradation of plasmid DNA. First, time-and temperature-dependent generation of free 3Ј-OH ends could be detected by the TUNEL assay as a consequence of the in situ fragmentation of plasmid DNA (Figure 4 ). These degradation intermediates did not associate with any known subcellular organelles. Second, degradation of plasmid DNA was circumvented by depletion of the cytosol, following selective permeabilization of the plasma membrane with digitonin or substantially delayed by the inhibition of cellular protein synthesis with cycloheximide ( Figure 3 and Table 1 ). Third, cytoplasmic elimination of plasmid DNA was also delayed upon encapsulation of nucleic acids into SPLP ( Figure 5 ). Fourth, using indirect immunofluorescence of lysosomes, ER and endosomes as well as monitoring the [Ca 2+ ] cy of microinjected cells, we could rule out the possibility that injection altered the permeability of these organelles in addition to the mitochondria and nuclear envelope (Figures 1 and 6 ). This is important, considering that apart from nuclear and mitochondrial DNases implicated in the metabolism of the genomic DNA, 54 ,55 a number of other nucleases (eg DNase I and DNase II) have been associated with the biosynthetic compartments and the endolysosomes. 17, 30, 37 Thus the above experiments strongly suggest that the release of compartmentalized nucleases is highly unlikely, which gives credence to our hypothesis that degradation of DNA is mediated by nuclease(s) present in the cytosol. This conclusion was substantiated by the nuclease activity of cytosolic extract, detected by Southern blot analysis and 32 P-release of endlabeled plasmid DNA (Figure 7) .
A panel of endo-and exonucleases have been invoked in chromosomal DNA degradation into nucleosomal units during apoptosis: 56 (1) DNase I and DNase II, subsequent to their release into the cytosol and translocation into the nucleus; [30] [31] [32] [57] [58] [59] (2) specific apoptotic nucleases (eg cyclophilins); 32, 60 and (3) the caspase-3 activated DNase (CAD) following its activation and nuclear a Microinjection of HeLa cells with ds pGL2 plasmid (0.1 mg/ml) was performed as in Figure 1 . The amount of plasmid DNA remaining in the cytosol after the indicated incubation time at 37°C or 4°C was quantified by FISH using biotin or digoxigenin labeled probes and single-cell fluorescence video-image analysis and expressed as a percentage of the initial amount detected immediately after microinjection (time 0). The number (n) of independent experiments is indicated and each of them represent data obtained from 100-150 injected cells. Chloroquine (100 m), ammonium chloride (10 mm, NH 4 Cl) or ATP depletion cocktail (4 g/ml antimycin, 10 mm deoxy-d-glucose and 10 m carbonyl cyanide p-chlorophenyl hydrazone) was included in the ␣MEM medium and added after microinjection. Cells were preincubated with cycloheximide (100 g/ml) for 2 h before injection and kept for an additional 2 h in the same medium. After microinjection in Ca 2+ -free medium (140 mm NaCl, 10 mm glucose, 4 mm KCl, 10 mm Na-HEPES, 1 mm MgCl 2 , pH 7.3), cells were returned to ␣MEM. Incubation at 4°C was carried out in bicarbonate-free ␣MEM containing 10% fetal bovine serum and 10 mm Na-HEPES (pH 7.3). uptake. 36, 37 However, no sign of nuclear DNA fragmentation was detected by the TUNEL assay, indicating that none of the DNases invoked in chromosomal DNA degradation became stimulated in injected cells ( Figure  6c ). The distinct inhibitor and pH-sensitivity profiles of the cytosolic nuclease activity also consistent with the notion that neither DNase I nor DNase II contributes to the cleavage of injected plasmid DNA (Figure 7) . Finally, experiments performed in the absence of extracellular Ca 2+ revealed that the cytosolic plasmid DNA degradation cannot be attributed to the activation of Ca 2+ -sensitive DNases. [33] [34] [35] Although the nuclease responsible for plasmid DNA disposal remains to be identified, we cannot preclude the possibility that the basal activity of CAD, expressed constitutively in the cytosol, is responsible for the elimination of plasmid DNA. This hypothesis has to be tested in future experiments. 37 Despite the similarities of the intracellular transport route of lipid/DNA complexes and viral particles, the nuclear targeting efficiency of plasmid DNA appears to be substantially lower. We speculate that the highly efficient nuclear targeting of viral DNA stems from the synergistic effects of the following factors. Firstly, the viral genome penetrates the cytoplasm in association with viral proteins such as the viral polymerase or capsid proteins that may provide protection against cytosolic nucleases.
Figure 3 Depletion of the cytosol obliterates the elimination of plasmid DNA from the cytoplasm. Following the cytosolic injection of the pGL2 plasmid (0.1 g/ml) into HeLa cells, the plasma membrane was permeabilized with digitonin (40 g/ml in KH buffer). Permeabilized cells were maintained in ATP-regenerating buffer at 37°C for 1.5 h. A significant amount of TRITC-dextran was lost during the permeabilization procedure (0 h). (a) Fluorescence micrographs of the the TRITC-dextran and the FISH signals of pGL2 plasmid on intact and digitonin permeabilized cells before and after incubation. (b) Quantitative determination of pGL2 and TRITC-dextran content of intact and permeabilized cells. The fluorescence intensities of TRITC and FISH signals were measured in single cells by quantitative video-image analysis using the Metafluor software. Data are expressed as percentage of the initial fluorescence intensities. Values are means ± s.e. of three independent experiments.
46,47 Secondly, a number of viral proteins (eg viral capsid proteins) have been shown to encompass nuclear localization sequence (NLS) that facilitates nuclear uptake and conceivably diminishes the cytosolic residence of viral nucleic acids. 46, 47 Finally, NLS-independent interactions, such as the herpes virus association with the microtubular network, may promote the nuclear targeting of viral particles by preventing their entrapment in the cytoplasm. 61 Strategies incorporating these naturally evolved mechanisms into the construction of chemical vectors may improve their transfection efficiency in the future.
In conclusion, our experiments provide the first measurement of the metabolic stability of cytosolic plasmid DNA at the single cell level. Based on the results obtained by in situ turnover measurements of plasmid DNA and in vitro demonstration of the nuclease activity of the cytosolic extract we propose that upon chemical vector-mediated gene transfer, the expression of heterologous DNA is not only hampered by the entrapment of DNA in the endolysosomal compartment and the physical barrier of the nuclear envelope, but also by the metabolic barrier represented by cytosolic nuclease(s). Identification of the cytosolic nuclease(s) and its specific inhibitors may open new approaches to enhance the efficiency of heterologous DNA delivery in gene transfer trials.
Materials and methods
Cell culture HeLa (human epitheloid carcinoma, ATCC) cells were grown in ␣-MEM with 10% (v/v) fetal calf serum (FCS; Gibco BRL, Gaithersburg, MD, USA). COS-1 and COS-7 (SV40 transformed Green african monkey kidney cells, ATCC) were maintained in DMEM with 10% FCS. Suspension culture of HeLa cells was grown in Joklik's modified alpha-MEM containing 5% calf serum. All cell cultures were incubated in 5% CO 2 at 37°C. Plasmid DNA The pGL2 expression plasmid encoding the luciferase gene was purchased from Promega (Madison, WI, USA). The pUC (pUC 6-9) plasmid, encoding a chloroplast protein, was a gift of Dr J Hu (Hospital for Sick Children, Toronto). For microinjection, plasmids were purified by CsCl 2 gradient centrifugation 62 or with the Plasmid Maxi Kit (Qiagen). The two types of plasmid preparation yield identical results.
Circular single-stranded pGL2 was prepared as described. 63 Biotinylation of circular double-stranded pGL2 was carried out with photoactivable biotin (Pierce, Rockford, IL, USA), according to the manufacturer's instructions and its efficiency was verified by dot-blot analysis using streptavidin, conjugated to horseradishperoxidase (Amersham). Biotinylated pGL2 remained circular and susceptible to digestion with Bal31 nuclease and XhoI restriction enzyme as the native plasmid, implying that biotinylation does not alter plasmid DNA conformation significantly (data not shown).
Encapsulation of plasmid DNA into stable plasmid lipid particles Plasmid DNA was encapsulated as stable plasmid lipid particles (SPLP) using the detergent dialysis method. The SPLP particles contained 42.5:42.5:15 mol% of dioleoyldimethylammonium chloride (DODAC), 1,2,-sn-dioleoylphosphatidylethanolamine (DOPE) and 1-O-(2Ј-(w-methoxypolyethylenglycol) succinoyl)-2-N-octylsphyngosine (PEG ceramide C-8), respectively. 26 According to quasielastic light scattering measurements by a Nicomp 270 submicron particle sizer, the diameter of SPLP was 60-90 nm. 26 More than 99.9% of the plasmid DNA was entrapped inside the SPLP particles as determined by the accessibility of plasmid DNA by the fluorescent DNA-dye, Picogreen (Molecular Probe, Eugene, OR, USA).
Microinjection
Microinjections were performed by a semi-automatic injection system (Eppendorf Transjector 5246, Hamburg, Germany) attached to the Eppendorf Micromanipulator 5171. Borosilicate thin-walled glass pipettes with filament (ID 0.78 mm, OD 1 mm) were fabricated with a P97 puller (Sutter Instrument, Novato, CA, USA). Plasmid DNA (0.05-1 mg/ml) and TRITC-dextran (2 mg/ml, MW 70 kDa, lysine-fixable, Molecular Probes) were microinjected in KG-medium (110 mm K + -glutamate, 30 mm NaCl, 2 mm MgCl 2 , pH 7.2) at 200 kPa over 0.1 s. Injections were performed at room temperature in bicarbonate free ␣- MEM, supplemented with 10 mm Na-HEPES, pH 7.3 and routinely delivered 3000 copies (0.1 mg/ml) of plasmid DNA for turnover determinations. Similar results were obtained when 10 000 copies of plasmid DNA were injected into the cytoplasm. Microinjection introduced an average volume of 222 ± 91 fl, (n = 2145) into the cytosol as determined by the delivery of [ 2.7 mm KCl, 4.3 mm Na 2 HPO 4 , 1.4 mm KH 2 PO 4 , pH 7.3) for 10 min at RT, rinsed with PBS supplemented with 2 mm glycine and permeabilized with 0.2% Tween-20 in PBS (5 min at RT). Slides were processed for hybridization with biotin-or digoxigenin-labeled probe as described. 64 Probes were generated by nick translation of the target plasmid using biotin-dUTP or digoxigenindUTP (Boehringer Mannheim, Laval, Quebec, Canada) as recommended by the manufacturer. Detection of biotinylated probes was performed with fluorescein-avidin (Oncor, Gaithersburg, MD, USA) and the signal was amplified with biotinylated goat anti-avidin antibody (Ab, Oncor) and fluorescein-avidin. Detection of DIG-labelled probes was achieved by mouse anti-DIG-Ab, goat DIG-labeled anti-mouse-Ab (2 g/ml) and FITC-conjugated anti-DIG-Ab (50 g/ml). Visualization of the biotinylated plasmid DNA was done with the avidinfluorescein/biotinylated anti-avidin Ab sandwich method. Dose-response curves revealed that the fluorescence intensity detected in single cell by FISH technique was linearly proportional with the amount of injected plasmid DNA between 100 and 10 000 copies of ds pGL2 and the detection limit was 40-50 copies of pGL2 (data not shown).
Figure 6 Microinjection does not alter the morphology and Ca
2+ transport ability of intracellular organelles or induce apoptosis. (a) Light microscopic morphology of the intracellular organelles upon microinjection. HeLa cells were injected into the cytoplasm with TRITC-dextran and fixed after 2 h of incubation. The ER and lysosomes of injected and intact cells were visualized by indirect immunostaining using anti-PDI and anti-LAMP-2 antibodies, respectively (right panels). Early endosomes were labeled with fluorescein-transferrin (Tf, 5 g/ml, 45 min at 37°C). While the distribution of organelles are depicted on the right panels, the corresponding TRITC-dextran distribution indicates the microinjected cells. (b) Effect of the microinjection on the
In situ end-labeling of free 3Ј-OH ends of fragmented plasmid and chromosomal DNA Labeling of the free 3Ј-OH ends of fragmented chromosomal DNA was performed with the terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) technique, using the ApoAlert (Clontech, Palo Alto, CA, USA) kit with the following modification. In order to enhance the sensitivity, the substrate of the terminal deoxynucleotidyl transferase, fluorescein-dUTP, was replaced by DIG-dUTP (10 m). Fluorescence detection of the DIG-labeled nucleic acids was performed as described for FISH. Fragmentation of microinjected circular plasmid DNA was detected with the same method. ] cy . 65 Image aquisition and analysis were performed with the Metafluor software.
Immunocytochemistry
Cells were fixed (3% paraformaldehyde in PBS, 15 min at RT), permeabilized (0.2% Triton X-100 in PBS, 5 min) and blocked (0.5% BSA in PBS, blocking buffer, BB) for 30 min. Immunostaining of the ER and lysosomes was performed with the murine monoclonal anti-protein disulfide isomerase Ab (Stressgene, Victoria, BC, Canada, 1:500 dilution in BB, 1 h at RT) and the murine monoclonal anti-LAMP-2 Ab (Hybridoma Facility, Johns Hopkins University, 1:20 dilution in BB), respectively. The secondary FITC-conjugated goat anti-mouse Ab (Calbiochem) was used at 1:1000 dilution (1 h at RT). All washes were performed in BB containing 0.1% Triton X-100. Alternatively, lysosomes were labeled with TRITCdextran (3 mg/ml, MW 70 kDa, lysine-fixable, Molecular Probes) overnight and chased in dextran-free medium for 2 h at 37°C. Early endosomes were visualized by FITCtransferrin (Molecular Probes) as described. 66 Digitonin permeabilization of plated cells HeLa cells were grown and microinjected on Labtek glass chamber slides. Cells were washed with ice-cold KH-Mg buffer (110 mm K-acetate, 20 mm HEPES, 5 mm Mg-acetate at pH 7.2) and permeabilized with digitonin (40 g/ml in KH buffer) for 5 min on ice. Incubation of cells was carried out in ATP-regenerating system (5 mm Na 2 -ATP, 5 mm creatine phosphate and 20 U/ml creatine phosphokinase in KH buffer).
Preparation of cytosol extract by digitonin permeabilization Isolated cytosol was obtained from HeLa cells by selective permeabilization of the plasma membrane with digitonin. All isolation steps were carried out at 4°C. After extensive washes with PBS and with KH-buffer, cells (5 × 10 8 ) were resuspended in an equivalent volume of KH buffer, containing digitonin (0.15-0.20 mg/ml, Calbiochem) and protease inhibitors (pepstatin, 2 g/ml; leupeptin, 2 g/ml; and phenylmethyl sulphonyl fluoride, 1 mm). The efficiency of permeabilization was considered to be successful when 80% of the cells became Trypan-blue positive (5-8 min incubation). The extracellular medium was collected by sedimenting the cells twice at 1000 g for 2 min. To eliminate any particulate contamination, the cytosolic extract was centrifuged at 40 000 g for 40 min. The supernatant was stored in aliquots at −80°C. The permeabilization efficiency was also assessed by the release of the lactate dehydrogenase (LDH) activity from the cells. LDH activity was measured according to the manufacturer's recommendations (LDH kit, Sigma, Oakville, ON, Canada, No. 340LD). Enzyme markers of lysosomes and the Golgi compartment (␤-glucuronidase and ␣-mannosidase II activity) were determined fluorometrically as described. 67 Southern blot analysis Following the incubation of the plasmid DNA (25-50 ng) with cytoplasmic extract (0.1-0.2 mg), the DNA was isolated with phenol/chloroform, chloroform extraction in the presence of 0.2% SDS and precipitated with ammonium acetate/ethanol in the presence of yeast tRNA (3 g per sample) . The tRNA was digested with RNase A (10 g/ml, 1 h at 37°C) and the DNA was fractionated on 0.8% agarose gel, transferred on to a nylon membrane (in 0.4 m NaOH) and hybridized with biotinylated probe (20 ng/ml, at 65°C overnight), prepared as described for FISH. Biotin-labeled nucleic acids were visualized by enhanced chemiluminescence (Amersham).
Nuclease activity
Nuclease activity of the cytosol was determined using linearized end-labeled plasmid DNA. For 5Ј end-labeling the DNA was treated with calf intestine phosphatase, purified with phenol/chloroform extraction and phosphorylated with T4 polynucleotide kinase in the presence (25 ng) of ␥-32 P-ATP (30 Ci; specific activity у3000 Ci/mol; Amersham). For 3Ј end-labeling, plasmid DNA was treated with the Klenow enzyme in the presence of ␣-32 P-CTP (20 Ci; specific activity у3000 Ci/mol; ICN, Montreal, Quebec, Canada). Radioactive DNA was purified on ProbeQuant G-50 columns (Pharmacia, Baie d'Urfe, Quebec, Canada). Nuclease activity of the cytosolic extract (15 g protein) was measured in KH-buffer in the presence of 2.5 fmol of 3Ј-32 P-labeled DNA or 10 fmol of 5Ј-32 P-labeled DNA. The plasmid DNA was precipitated with 15% trichloroacetic acid (TCA) in the presence of 2 mg/ml BSA (20 min, on ice), separated by centrifugation (17 500 g, 15 min, 4°C ) and the radioactivity remaining in the supernatant was measured by a Beckman LS7500 scintillation counter.
